The question of the degree of evolutionary conservation of the pair-rule patterning mechanism known from Drosophila is still contentious. We have employed chromophore-assisted laser inactivation (CALI) to inactivate the function of the pair-rule gene even skipped (eve) in the short germ embryo of the flour beetle Tribolium. We show that it is possible to generate pair-rule type phenocopies with defects in alternating segments. Interestingly, we find the defects in odd numbered segments and not in even numbered ones as in Drosophila. However, this apparent discrepancy can be explained if one takes into account that the primary action of eve is at the level of parasegments and that different cuticular markers are used for defining the segment borders in the two species. In this light, we find that eve appears to be required for the formation of the anterior borders of the same odd numbered parasegments in both species. We conclude that the primary function of eve as a pair rule gene is conserved between the two species.
Introduction
Segmentation of the Drosophila embryo is achieved by a cascade of gene actions, with a transient stage of a double segmental organization (Nüsslein-Volhard and Wieschaus, 1980) . The group of genes involved in this process is called pair-rule genes, as mutations in them usually affect alternate segments. The genes are normally expressed in seven stripes in a region where eventually 14 segments will be produced. For some time it was thought that this organization might be a special adaptation to the fast mode of development in long germ embryos, such as Drosophila. Indeed, in Schistocerca, which shows an extreme type of short germ development, the intermediate pair-rule organization seems to be lacking (Patel et al., 1992; Dawes et al., 1994) . However, the Schistocerca mode of embryogenesis appears also to be specialized and might thus not be typical for the ancestral form of embryogenesis in insects (Tautz et al., 1994) . The embryos of the flour beetle Tribolium, on the other hand, appear to be more typical in this respect and they do show an expression of various pair-rule genes in alternating segments (Sommer and Tautz, 1993; Brown et al., 1994 Brown et al., , 1997 Patel et al., 1994) . Still, the details of this expression pattern differ somewhat from that seen in Drosophila (Brown and Denell, 1996; Brown et al., 1997) .
In a mutagenesis screen for early segmentation phenotypes in Tribolium, it was possible to isolate at least two different mutants that show a lack of alternating segments (Maderspacher et al., 1998) . On the other hand, a chromosomal deletion encompassing the fushi tarazu gene homologue in Tribolium does not seem to produce a pair-rule phenotype (Stuart et al., 1991; Brown et al., 1994; Brown and Denell, 1996) as one would have expected from the fushi tarazu phenotype seen in Drosophila. Such an observation would suggest that while the pair-rule patterning mechanism as such may be evolutionarily retained, different genes might have become recruited to this process during evolution. It is therefore of special interest to analyse whether a particular gene might cause the same loss of Mechanisms of Development 80 (1999) 191-195 0925-4773/99/$ -see front matter © 1999 Elsevier Science Ireland Ltd. All rights reserved. PII: S0925-4773(98)00211-1 Fig. 1 . Cuticle preparations of first instar Tribolium embryos showing different degrees of defects, (a) wild type, (b-d) after CALI treatment. Camera lucida drawings of the head region are shown to the right, with the wildtype embryo drawn from the ventral side. Since the head segments are not involuted in Tribolium embryos (as they are in Drosophila), these can be easily assigned and recognized (Ant, antenna; Md, mandible; Mx, maxilla; Lb, labium; T1-T3, thoracic segments 1-3). The thoracic (leg bearing) segments are very similar to each other, with the exception of T2, which harbors a tracheal opening (TO) (marked with a triangle in (a)) similar to those seen in the abdominal segments (labelled 1-8). The embryo in (b) does not show the tracheal opening in the thoracic region, indicating that T2 must be missing. Note that the legs are also not fully formed in this embryo and that A1 is not complete. The embryo in (c) lacks specifically the mandible and the labium and the embryo in (d) lacks the mandible. function phenotype in different species. We present here the results of such an analysis, which allows us to compare the even skipped (eve) mutant phenotype of Drosophila and an eve phenocopy of the beetle Tribolium.
Results and discussion
In its function as a pair-rule gene, eve specifies the development of even numbered abdominal segments, as well as thoracic segments one and three, and the maxillary head segment in Drosophila (Nüsslein-Volhard and Wieschaus, 1980; Martinez-Arias, 1993) . It belongs to the group of primary pair-rule genes that play a central role in this process (Pankratz and Jäckle, 1993) . However, eve has also a segmental function at later stages and loss of function phenotypes of eve affect all segments. This dual function is reflected in a dual phase of expression and function, namely first a double segmental one and later a segmental one (Manoukian and Krause, 1992) . Tribolium eve shows a comparable expression pattern, though the stripes develop in a temporal succession as the germ band elongates (Patel et al., 1994; Brown et al., 1997) . We have used the CALI technique (Jay, 1988) to study the functional role of eve in Tribolium. In this technique, a specific monoclonal antibody against eve (Patel et al., 1994) that is coupled to a chromophore is injected into the early embryo. The chromophore is then activated by laser light, yielding highly reactive and spatially restricted radicals that destroy the protein to which the antibody is bound (Jay, 1988; Liao et al., 1994) . We have previously shown that the technique can be employed to faithfully phenocopy the mutant phenotype of eve in Drosophila (Schröder et al., 1996) . Application of the technique to Tribolium embryos results also in specific segmentation defects which can be interpreted as pair-rule phenocopies. Fig. 1 shows three examples with phenotypes of different strength. The most severe phenotype found is shown in Fig. 1b . This embryo lacks the mandibular and labial head segments, as well as thoracic segment T2, i.e. alternating segments in the anterior region (compare Fig. 2 ). Segment T1 is also affected as it shows only one of the two legs. This can be understood in view of the fact that eve is likely to have also a segmental function, though this is apparently less sensitive to a partial loss of the protein, similar as in Drosophila. The fact that more posterior segments are not affected can be explained by the successive generation of the eve stripes during germ band elongation. As the laser treatment occurs only during one particular time of development, one would expect that only those segments are affected that require eve function at that time. That the development of the more posterior segments is independent of the development of the more anterior segments was already shown by more crude irradiation experiments of short germ embryos (Sauer, 1961; Heinig, 1967) .
The number of clear pair-rule phenotypes, i.e. where two non-adjacent segments were most strongly affected, was relatively small (Table 1) . This is probably due to the fact that development in Tribolium takes much longer than in Fig. 2 . Comparison of eve expression and phenotypes in Drosophila and Tribolium. The approximate locations of the segmental markers in each species are depicted at the top. The parasegments affected by the primary eve function in both species are shaded. Note that the early expression in Drosophila shows an anterior-posterior gradient in each stripe, which is less evident in Tribolium. eve is required for activating the engrailed expression, first in double segmental units and later in segmental units. Although the early Tribolium expression domain covers two parasegmental borders, our results suggest that only the anterior one of them seems to be initially specified by eve, similar as in Drosophila. Drosophila, i.e. the injected antibody may already be partially degraded before the relevant stages for the laser treatment are reached. Indeed, we find that the use of the same antibody concentration as for the Drosophila experiments (Schröder et al., 1996) did not yield any pair-rule phenotypes (Table 1) . Only an eight-fold concentrated preparation was successful. This might also account for the embryos, where only one segment was affected (Table 1 ) and which could not be classified as a pair-rule phenocopy because of this reason. However, like the embryo shown in Fig. 1d , the most strongly affected segments were in most cases in the same register as found for the more severe phenotype. We conclude therefore that these defects are specific as well. From the dual role of eve, as both having a pair-rule and a segmentation function, one should also expect to find phenocopies that lack multiple, adjacent segments. Such cases were indeed found (Table 1 ). However, they occurred at a low frequency also in the controls and we can therefore not be sure whether they are partly due to injection artefacts.
We note that a broad range of defects was also found for the presumed pair-rule mutant godzilla in Tribolium, depending on the temperature at which embryogenesis took place (Sulston and Anderson, 1996) . This would indicate a hypomorphic effect of the godzilla allele and would also suggest that the segments are differentially affected by a partial lack of function of the gene product. The specific godzilla phenotype can, however, not be related to any of the typical phenotypes that we could detect and it seems therefore unlikely that godzilla could be an allele of eve. A more likely candidate could be the scratchy gene recovered by Maderspacher et al. (1998) . This shows a loss of the mandible, the labium, the second thoracic segment and alternating abdominal segments. However, sequencing did not reveal a lesion in the eve coding region for this gene (Bucher and Klingler, pers. comm.) , but this does not rule out a defect in a regulatory element.
The segments affected in the CALI experiments do not correspond to the even numbered segments that are lost in hypomorphic eve mutant Drosophila embryos, but to the odd numbered ones (Fig. 2) . This result can be understood, if one takes into account that the morphological segment boundaries are not at the same positions as the embryologically determined ones. The latter are defined by the interaction between the segment-polarity genes wingless and engrailed and the units defined by these are the parasegments (Martinez-Arias, 1993). The wg/en expression also defines the position of the tracheal pits and the segmental appendages (Cohen, 1993) which are used for scoring the phenotype in beetle embryos. The denticle belts which are used in Drosophila as segment markers are, on the other hand, located more posteriorly in each segment (MartinezArias, 1993) . This explains the discrepancy between the odd and even-numbered segment phenotype and suggests that the same parasegments, namely the anterior parts of the odd numbered ones, are affected by a loss of primary eve function in both species (Fig. 2) . Interestingly, the primary eve expression in Tribolium covers not only these primary affected regions, but also the anterior parts of the even numbered parasegments (Fig. 2) . This expression occurs also in Drosophila, albeit at later stages. It seemed therefore possible that eve would affect both parasegmental borders equally in Tribolium (Brown and Denell, 1996; Brown et al., 1997) . However, our results do not support this inference, but indicate that eve has the same primary function in both species. Moreover, our results show that the initial segmental specification in the beetle occurs in the same parasegmental units as in Drosophila. Thus, we infer that the basic pathways for segmentation have been conserved between these two species.
Materials and methods
Antibody labelling with malachite green and laser irradiation of the embryos was done as described previously (Schröder et al., 1996) . Tribolium eggs were collected for 4-6 h at 30°C which represents the early cleavage stages. The adhering flour was removed by washing the eggs first with water and then in dilute commercial bleach until the solution became cloudy from the flour. The eggs were then washed again with water and transferred onto an agar block with a moist brush. Pairs of eggs were set in rows along the edge of the block and then transferred to a sticky edge of a coverslip. The eggs were dried for about 10 min at room temperature and then covered with Voltalef 10S oil for the injection. After injection of the labelled antibody the embryos were allowed to develop at room temperature until they reached the early germ band stage. They were Table 1 Results of the CALI experiment with a-eve antibody in Tribolium embryos (the figures refer to the number of embryos in each class) a Cuticle defects were only scored for larvae that did not hatch. b At least two non-adjacent segments affected -all defects found were in the frame shown in Fig. 2. then subjected to the laser treatment by irradiating them for 1 min for each pair. The a-eve monoclonal antibody (Patel et al., 1994) concentration was 16-27 mg/ml and eight times less for the control injections. After laser treatment the embryos developed the cuticle within 5 days at 30°C. The cuticles were hand peeled, washed in heptane to remove the oil, embedded in Hoyers/lactic acid (1:1) and cleared overnight at 60°C as described for Drosophila (Van der Meer, 1977) .
